Introduction {#Sec1}
============

The strong coupling constant is one of the least well known parameters of the Standard Model of particle physics (SM) and a precise knowledge of this coupling is crucial for precision measurements, consistency tests of the SM and searches for physics beyond the SM. It has been determined in a large variety of processes and using different techniques \[[@CR1], [@CR2]\]. Jet production in the Breit frame \[[@CR3]\] in neutral-current deep-inelastic *ep* scattering (NC DIS) is directly sensitive to the strong coupling and has a clean experimental signature with sizable cross sections. It is thus ideally suited for the precision determination of the strong coupling constant $\documentclass[12pt]{minimal}
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Cross section predictions for inclusive jet and dijet production in NC DIS are obtained within the framework of perturbative QCD (pQCD) \[[@CR4]\], where for the past 25 years only next-to-leading order (NLO) calculations have been available \[[@CR5], [@CR6]\]. Continuous developments enabled the advancement of these calculations \[[@CR7]--[@CR10]\], and next-to-next-to-leading order (NNLO) predictions for jet production in DIS \[[@CR11], [@CR12]\] and hadron-hadron collisions \[[@CR13], [@CR14]\] have become available recently. The theoretical uncertainties of the NNLO predictions are substantially reduced compared to those of the NLO predictions. It is observed \[[@CR11], [@CR12], [@CR15]\] that the NNLO predictions and the current experimental data are of comparable precision for large parts of the measured phase space.

Measurements of inclusive jet and dijet cross sections in NC DIS have been performed at HERA by the H1 \[[@CR15]--[@CR24]\] and ZEUS \[[@CR25]--[@CR32]\] collaborations during different data taking periods and for different centre-of-mass energies. In general, the predictions in pQCD provide a good description of these data.

The strong coupling constant has been determined from jet cross sections in DIS at NLO accuracy \[[@CR15], [@CR17], [@CR21]--[@CR24], [@CR27], [@CR30], [@CR33]--[@CR35]\] and the precision of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{s}$$\end{document}$ determination was performed using inclusive jet cross sections, where NLO calculations have been supplemented with contributions beyond NLO in the threshold resummation formalism, and a moderate reduction of the scale uncertainty was achieved \[[@CR36]\].

Measurements of jet production cross sections in processes other than NC DIS, such as photoproduction \[[@CR37], [@CR38]\] or in $\documentclass[12pt]{minimal}
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                \begin{document}$$p\bar{p}$$\end{document}$ \[[@CR45]--[@CR47]\] and *pp* collisions \[[@CR48]--[@CR52]\], have also been employed for the determination of the strong coupling constant. The corresponding predictions were at NLO accuracy in most cases, possibly supplemented with 2-loop threshold corrections or matched with next-to-leading logarithmic approximations (NLLA). An exception are 3-jet observables in $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+e^-$$\end{document}$ collisions using predictions in NNLO accuracy \[[@CR42]\], which are also matched to NLLA contributions \[[@CR43], [@CR44]\]. In contrast to variables such as hadronic event shape observables \[[@CR53], [@CR54]\] where only limited regions of the corresponding distributions are described by fixed order pQCD calculations, jet observables such as their transverse momenta typically are well described by such calculations over the full experimentally accessible range.

The presence of a proton in the initial state in lepton-hadron or hadron-hadron collisions complicates the determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ is often determined together with parton distribution functions of the proton (PDFs). Such simultaneous determinations of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ and PDFs were performed using jet cross sections in DIS \[[@CR17], [@CR55], [@CR56]\] or jet cross sections at either the LHC or Tevatron \[[@CR50], [@CR52], [@CR57]--[@CR59]\]. However, the absence of full NNLO corrections for jet production cross sections limited the theoretical precision of these approaches.

This article presents the first determination of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ making use of the recent calculations of jet production at NNLO \[[@CR11]--[@CR14]\]. These calculations are also used in this paper for the first time for the determination of PDFs. The jet cross section calculations are performed using the program ![](10052_2017_5314_Figa_HTML.gif){#d29e2384} \[[@CR11], [@CR12], [@CR60]\].

Two strategies for the extraction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ is determined in NNLO from inclusive jet and dijet cross sections \[[@CR15], [@CR17], [@CR21], [@CR23], [@CR24]\] using pre-determined PDFs as input. In a second approach described in Sect. [4](#Sec8){ref-type="sec"}, the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{s}$$\end{document}$-fit' in the following and uses inclusive DIS data \[[@CR61]--[@CR66]\] in addition to normalised jet cross section data \[[@CR15], [@CR21], [@CR24]\], both measured by the H1 experiment \[[@CR67]--[@CR70]\].

Cross section measurements {#Sec2}
==========================

For the present analysis, measurements of jet cross sections and inclusive DIS cross sections in lepton-proton collisions performed by the H1 experiment at HERA are exploited.

*Jet cross sections* Cross sections for jet production in lepton-proton collisions have been measured by H1 at two different centre-of-mass energies using data from different periods of data taking. In the present analysis, inclusive jet and dijet cross sections measured in the range of negative four-momentum transfer squared $\documentclass[12pt]{minimal}
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Predictions {#Sec4}
-----------

The cross sections for inclusive jet and dijet production for a given phase space interval *i* (for instance a 'bin' in the relevant physical observables) are calculated \[[@CR4], [@CR74]\] as a convolution in the variable *x* of the PDFs $\documentclass[12pt]{minimal}
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Methodology {#Sec5}
-----------

The value of the strong coupling constant is determined in a fit of theory predictions to H1 jet cross sections with a single free fit parameter. The goodness-of-fit quantity, which is subject to the minimisation algorithm, is defined as$$\documentclass[12pt]{minimal}
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The uncertainty calculated by TMinuit contains the experimental (exp), hadronisation (had) and PDF uncertainties (PDF). The breakdown of the uncertainties into these three components is obtained from repeated fits with $\documentclass[12pt]{minimal}
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Sensitivity of the fit to input parameters {#Sec6}
------------------------------------------
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Results {#Sec7}
-------

*The value of the strong coupling constant* $\documentclass[12pt]{minimal}
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In the present analysis, the value with the smallest total uncertainty is obtained in a fit to H1 jets restricted to $\documentclass[12pt]{minimal}
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The ratio of all H1 jet cross section measurements to the NNLO predictions is displayed in Fig. [12](#Fig12){ref-type="fig"}. Overall good agreement between data and predictions is observed.

*Running of the strong coupling constant* The strong coupling is determined in fits to data points grouped into intervals $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[\tilde{\mu } _\mathrm{lo};\tilde{\mu } _\mathrm{up}]$$\end{document}$ of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{\mu }$$\end{document}$. The data point grouping and the interval boundaries can be read off Fig. [12](#Fig12){ref-type="fig"}. The assumptions on the running of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s}(\mu _\mathrm{R})$$\end{document}$ thus are for each fit restricted to a limited $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _\mathrm{R}$$\end{document}$ range.[3](#Fn3){ref-type="fn"} For a given data point its $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{\mu }$$\end{document}$ value is representative for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _\mathrm{R}$$\end{document}$ range probed by the corresponding prediction, see Eqs. ([8](#Equ8){ref-type=""}) and ([9](#Equ9){ref-type=""}). The fit results are for each interval shown at the representative scale $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _\mathrm{R} =\sqrt{\tilde{\mu } _\mathrm{lo}\tilde{\mu } _\mathrm{up}}$$\end{document}$.

The results for fits to inclusive jet and to dijet cross sections, as well as to H1 jets, are presented for the ten selected intervals in $\documentclass[12pt]{minimal}
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The values obtained from fits to H1 jets are compared to other determinations of at least NNLO accuracy \[[@CR41], [@CR44], [@CR54], [@CR109]\] and to results at NLO at very high scale \[[@CR52]\] in Fig. [14](#Fig14){ref-type="fig"}, and consistency with the other experiments is found.

The results are consistent with results obtained from an alternative method used as a cross check, where in a single fit with ten free parameters the $\documentclass[12pt]{minimal}
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======================================================================================================

In addition to the fits described above also a fit in NNLO accuracy of $\documentclass[12pt]{minimal}
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Methodology {#Sec9}
-----------
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In order to have constraints on the PDFs, polarised and unpolarised inclusive NC and CC DIS cross sections \[[@CR61]--[@CR66]\] are used (Table [3](#Tab3){ref-type="table"}). This data sample is identical to the one used in the H1PDF2012 PDF fit \[[@CR65]\]. In addition, normalised inclusive jet and dijet cross sections \[[@CR15], [@CR21], [@CR24]\] are used (Table [2](#Tab2){ref-type="table"}).

The calculations of the splitting kernels are performed in NNLO using the program QCDNUM \[[@CR96], [@CR97]\]. The predictions for the inclusive DIS cross sections are calculated using structure function calculations in NNLO using the zero-mass variable flavour number scheme (ZM-VFNS) \[[@CR65]\] as implemented in QCDNUM \[[@CR96], [@CR97]\]. Normalised jet cross sections are calculated as a ratio of jet cross sections to inclusive NC DIS, where the former are calculated as outlined in Sect. [3.1](#Sec4){ref-type="sec"} and the latter are calculated using ZM-VFNS structure functions using QCDNUM. For inclusive DIS predictions the scales $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{\mu } $$\end{document}$ is below $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2m_b$$\end{document}$. The squares show data points not considered for the 'H1 jets'-fit, since the statistical correlations to the respective inclusive jet measurements are not known

The choice of the PDF parametrisations and the values of input parameters follows closely previous approaches \[[@CR56], [@CR63], [@CR65], [@CR110]\] and are only discussed briefly here. At a starting scale $\documentclass[12pt]{minimal}
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The two fits are repeated for each of the model and parametrisation variations (not shown in Fig. [17](#Fig17){ref-type="fig"}). For the ![](10052_2017_5314_Figm_HTML.gif){#d29e20895} fit, only small variations of the results are observed, in accord with the small model and parametrisation uncertainties assigned to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ . However, if the jet data are not included in the fit, the resulting $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ and *xg* are found to be strongly dependent on the assumptions made for the PDF parametrisation. This confirms previous observations \[[@CR115]\], namely that *xg* and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ together cannot be determined reliably from H1 inclusive DIS data alone.

In summary, the inclusion of jet data allows for a reliable determination of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ and its uncertainty. It also stabilises the gluon density determination. In contrast to a previous study using only a fraction of the H1 data \[[@CR17]\], it can now be stated that all H1 jet data taken together with all H1 inclusive DIS data do allow for a simultaneous determination of *xg* and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$, with a precision on *xg* competitive to global PDF fits obtained using fixed value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} ^\mathrm{PDF}(m_\mathrm{Z})$$\end{document}$.Fig. 33Error ellipses of Hessian uncertainties at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$68\,\%$$\end{document}$ confidence level of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} (m_\mathrm{Z})$$\end{document}$ and the gluon density *xg* at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _\mathrm{F} =20\,\mathrm {GeV} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x=0.01$$\end{document}$ as a result of two different PDF+$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s}$$\end{document}$-fits. The filled ellipse indicates the result of the ![](10052_2017_5314_Fign_HTML.gif){#d29e21165} fit and the dashed line of a PDF+$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s}$$\end{document}$-fit with jet data excluded. The error ellipses represent the combined effect of experimental and hadronisation uncertainties as described in the text. The diamonds indicate the gluon density of the NNPDF3.1 PDF set for fixed values $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm{s} ^\mathrm{PDF}(m_\mathrm{Z})$$\end{document}$

Summary {#Sec11}
=======

The new next-to-next-to-leading order pQCD calculations (NNLO) for jet production cross sections in neutral-current DIS are exploited for a determination of the strong coupling constant $\documentclass[12pt]{minimal}
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The running of the strong coupling constant is tested in the range of approximately 7 to $\documentclass[12pt]{minimal}
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In a second approach a combined determination of PDF parameters and $\documentclass[12pt]{minimal}
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Relevant phenomenological aspects of the NNLO calculations are studied for the first time. The NNLO calculations are repeated for a number of different scale choices and scale factors, as well as for a large variety of recent PDF sets. The level of agreement with H1 jet data is judged quantitatively. The NNLO calculations improve significantly the description of the data and reduce the dominating theoretical uncertainty on $\documentclass[12pt]{minimal}
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No NNLO calculation is available for three-jet production in DIS to date.

For purely technical reasons the fit parameter is $\documentclass[12pt]{minimal}
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The functional form referred to as "alternative gluon" in \[[@CR56]\] actually corresponds to the default choice for this paper.
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